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???????????????????? !0???????????????????
????????????N1(v)?N2(v)???????????????? (2.41)??
? 2.2: ! = !21 + ~kv0 ??????????? 1? 2????????











~"0c[(!0   !21 + ~kv)2 + 2]
dv
=
















??????????????!H = ??????(  11 +  
 1
2 )=2 = 1??????


























????????????????????????????????? ! = !0 = !21?
??????????????? 2.3(d)??????????????????????
????????????????????????D  100 MHz????????
?????????????H  300 kHz????????????????????
???????????????
????????????? ! = !21????????????????? (2.32)??
1  N1  N2
N eq1  N eq2























? 3???????12  0:09 Debye ? [50]?nt  11 Hz????PH3??????
?? 6??????
22 ? 2? ??
??? ????????????????????????????????????
p?????
p = p (2.46)















????w0 = 1 mm?????????????CH4???M = 16:0 u???????























????????????????? j12j??????? Eopt ??? SI? Debye ?
V/cm??????????????????????????? 1 mW??w0 = 1 mm





??????satu = (0:1 Debye )(4:9 V=cm)  250 kHz????
???? ??????????????????????????????????




??????N ?????????????????3N ????????? 3???
???????????? (3N   3)???????????????????????
?????????? CH4 ??? PH3 ????????????????? 3????





































E?F1?F2? 5????A1?A2? 1?????E? 2?????F1?F2? 3?????
????????? A??????CH4??????????? A1?? 2.4(a)??E??




24 ? 2? ??
? 2.4: CH4????????????????? H????? C?????? C-H??????
? 2.5: PH3????????????????? H????? P?????? P-H??????
2.2. ??????????????????????? 25
2.4(b)???? 2?? F2?? 2.4(c, d)??????? 3????? 2.5? PH3?????
?????????PH3????? C3v ???????????A1?A2?E?????
??A?????????PH3??????????? 2??A1?? 2.5(a, b)???? 2
??E?? 2.5(c, d)????????
? 2.1?CH4???PH3????????????????????????CH4?
?? 3?????? 3  90 THz?3020 cm 1?? F2????????????????
F2??????? [52]?F2???????????????????????????
???????????? ?????????????????????? a; b; c??
?? 4?????? jv3i?????v3 = 1??? jv3i = jv3;a; v3;b; v3;ci = j100i?j010i?
j001i???????????
???PH3??? 2???????d2 = 1?2  30 THz?992 cm 1???? [53]??
???????????? v2 = 3??????? 1? 5???????????????
? 32  90 THz????






1; d1 = 1 (A1) 1; d1 = 1 (A1)
2; d2 = 1 (A1) 2; d2 = 2 (E)
3; d3 = 2 (E) 3; d3 = 3 (F2)
4; d4 = 2 (E) 4; d4 = 3 (F2)



















???????? (a; b; c)??????????Iv;????? v???????????
??????????? Iv;a  Iv;b  Iv;c??????????????J???????




??Av = Bv  Cv??CH4???????spherical top????Av = Bv = Cv????
??????????????????????
2????????????????????????????Av = Bv  Cv????
? (2.55)?
Hrot;sym = hBvJ
2 + h(Cv  Bv)J2c (2.56)
?????????J????????????????????????J = (Ja; Jb; Jc)
????????????
Erot;sym = hBvJ(J + 1) + h(Cv  Bv)k2 (2.57)
???????J ??????????k? Jc??????k =  J; J + 1;    ; J ??
??? 2.6(a)???C3v????????????Erot;sym????????PH3???
?Bv=0  133:5 GHz?Cv=0  117:5 GHz??? [54]?????????jkj????
????????K ?K = jkj???????????? C3v ?????   = A1?A2?
E ??????????K = 3n?n = 0; 1; 2;   ????? A1???? A2?????
???????????E??????????
J ??????? (x; y; z)????????J ??????????????? Jz ?
??????????M ?????M =  J;    ; J ??????????????M ?
?????????????? k??? (2J + 1)?????????
? (2.57)???????????????????????????????????
???? 1.1??? 1.1?? Ecent???????????? 1.1??? 1.1?? ECor?
2.2. ??????????????????????? 27
? 2.6: (a)????????? (b)?????????????????????????(a)?
??K ?K = jkj????
??????????K = 3n?n = 1; 2;   ????????A1 ??? A2 ?????
??????A1-A2??????????M ?????????????? PH3???
v2 = 3; J = 3;K = 3??????????????A1-A2????????




Erot;sph = hBvJ(J + 1) (2.59)
?????? 2.6(b)?Erot;sph????????CH4??????Bv=0  157:1 GHz?






H 012 = hv = 0; J 00 00M 00j    Eoptjv = n; J 0 0M 0i (2.60)
??????? ???C3v???? Td??????jv = 0; J 00 00M 00i? jv = n; J 0 0M 0i
???????????? n??????????????????????????












?? @=@qi; 6= 0???????? i?????????????????????? 2.1
???A???PH3?????????????CH4??? 3? 4?????????
??????????????????jv = 0i? jvi; = ni;i??????? (2.60)?




?????PH3??? 2???????????????????????? v2 = 3?
???? v2 = 1????? 1/100????????????
????????????????????????? jvJ Mi / jJi jJki jJMi?
J2 jJi = J(J + 1) jJi ; Jc jJki = k jJki ; Jz jJMi = M jJMi??????????
???????? (2.60)?????????????????











 (Eopt)j hJ 00kkJ 0i hJ 00k00jjJ 0k0i hJ 00M 00jj jJ 0M 0i
(2.63)
????????? ????????????(Eopt)j???? j??????????
j?????  = a; b; c????? j = x; y; z?????????????? J 0 = J 00?
???j = JJj=J2????j ??????????????????? 3????




?????????????hJ 00M 00jj jJ 0M 0i?M??????????????????
?????? hJ 001;M 00M jJ 001; J 00 +JM 00 +Mi??J = J 0 J 00; M =M 0 M 00
??????????????????????? hj1j2;m1m2jj1j2; JMi?????J?
????J = J 0  J 00 = 0; 1????J 0 = J 00  1????P?????J 0 = J 00?Q
?????J 0 = J 00 + 1? R????????M ?????M = 0; 1??????
?? 2.3?????????M ????????????????
hJ 001;M 00M jJ 001; J 00 +JM 00 +Mi = CGJM (2.64)
??????
? 2.2: C3v ? Td ?????????????????????
C3v Td
A1 $ A2 A1 $ A2
E $ E E $ E
F1 $ F2
? 2.3: J = 0; 1?M = 0; 1???????????????
J ? M = 0 M = 1
 1 (P) 2p(J 0 + 1)2  M 02 p(J 0 M 0 + 1)(J 0 M 0 + 2)
0 (Q) 2M 0
p
(J 0 M 0)(J 0 M 0 + 1)
+1 (R) 2
p




???????????????????????? [55]?? 2.7? (a)? 3????
(b)V? 3????????????????????? 3??? 0?1?2??????
????????????????????Ei?i = 0; 1; 2??i???? j??????
30 ? 2? ??
? 2.7: ??????????????(a)? 3????(b)V? 3?????? 0?2????
?????????? ~!D ???????
????? !ji????E2  E0 < ~!D???????? !????????????






!m1 = !   ~kv = !12 (2.66)
!m2 = ! + ~kv = !10 (2.67)
?????????????????? 2.8???????????????????!12?
!12????????????????????????????2???????????












???????????? ~Ein(t; z) = ~Eopt exp(i!(t  z=c))??????????????
~r?~t??????????~Eopt?????????!????????????????
????????????????







32 ? 2? ??
? 2.9: ??????????????????z ??????????????(a)?????
????????? Ein????????????? L?2?????????????????
? ~r?~t????(b)???????????????????????????????????



































???????? T = ~t2?R = ~r2?????????????????????????
?????????????? !n = 2FSRn?? Pout???????
Poutj!=!n =
T 2






















































? 2.10: ????? R = 0:5?????0.9???????0.99????????????????
????????????????????????????????????????????
?????R????????????????????????????????


































dxdy ~Ein(x; y) ~E

nm(x; y)RR











RR dxdy ~Ein(x; y) ~Enm(x; y)2RR
dxdy
 ~Ein(x; y)2RR dxdy  ~Enm(x; y)2
(2.81)






























(1 R)2 (1  2Le)Pin (2.83)














?????????~t2  1????? (2.70)??????
~Eref
~Ein











?????????????????????? ~r2 + ~t2 = 1?????F (!)?????
????F (!)????????????????????! = !n??????????
F (!) = 0????





? [57]?B  1? 1????
~Ein = ~Eopt exp[i(!t+ B sinWt)]
 ~Eopt[J0(B) exp(i!t) + J1(B) exp[i(! +W)t]  J1(B) exp[i(!  W)t]]
(2.86)
???????? Jn(B)? n??????????J n(B) = ( 1)nJn(B)??????
??B  1????J0(B)  1?J1(B)  B=2????? (2.86)?? 1?????? !?
??????????????????? 2??? 3?? !W???????????
????????????? PBS?????=4??QWP?????????????
??????????? =4??????????????????????PBS???
??????????????????? Pin / j ~Einj2?????????? Pref ?1
???????????
Pref = J20 (B)PinjF (!)j2 + J21 (B)Pin[jF (! +W)j2 + jF (!  W)j2]
+ 2J0(B)J1(B)PinRe[F (!)F (! +W)  F (!)F (!  W)] cosWt











??????W=2  FWHM??????????????! W ???????
?????????F (! W)   1???????????? (2.87)? 2??? 3??
??????
[F (!)F (! +W)  F (!)F (!  W)]   2iIm[F (!)] (2.88)
?????????????? cos??? !????????sin???????????
??? sinWt?????????????? sinWt????????????????
 = 2J0(B)J1(B)PinIm[F (!)F (! +W)  F (!)F (!  W)] (2.89)







? 2.12: ????????????????????????????????????R = 0:99?
??????W=FSR = 0:1???????????????????????????????
38 ? 2? ??
2.3.2 ?????????












































































(!   !0   2mfrep)
(2.93)













fceo???????? f -2f ??????? [59]??????????????????
????????????????? 1????????????fceo????? n??
???????? n?
n = nfrep + fceo (2.94)
???????????????????????? 2?????????n?????
??????
2n = 2(nfrep + fceo) (2.95)
???????????????????? 1????????????????2n?
40 ? 2? ??
??????????
2n = 2nfrep + fceo (2.96)
??????????n??????????? 2n????????????????
?????????????????????
j2n   2nj = j2(nfrep + fceo)  (2nfrep + fceo)j = jfceoj (2.97)
??? [59]?
frep? fceo????????????? 1.1??? 1.1???????????????
????????????????????? 10 12??? frep? fceo????????
???? (2.94)?? n? 106???????????????????????????
????????????????????????????????????????
???????????????????????




xi(t) = Ai cos(2fit+ i) (2.98)









vs(t) = Kd cos[2(fi   fo)t+ i   o] (2.100)
????????Kd??????????????????????????????
???????vs(t) = 0??????







????????????????? 1.06 m?Nd:YAG????? 1.5 m????
???????????external cavity laser diode?ECLD?????????????
????????????????????????????????????????















??Mephisto 500NE????????????? 1550 nm??????????????
?ECLD?Opto Comb?? LT-5001 N????????????? 1.3???? 5?????
?????????????Yb???????????KEOPSYS??CYFA-PB??
44 ? 3? ???
1000 mW?????????????? L??? 1?KEOPSYS??OEM?????
C??? 2?IPG Photonics?? EAD-200-C-PM?? EAD-30-C-PM?BKtel Photonics




Lithium niobate?PPLN??????????? 3.3 m?????????? 3.2? 3
?? PPLN??????????????NTT Electronics??WD-3401-000-A-B-C?
? 3.2: ? PPLN???????????????????????Er????????????
????????CH4??? 3??????????Ref. [19] p. 270, Fig. 7.57????????
???????????????????????????????1:06? 1:5?YAG????
? ECLD??????????Republished with permission of Oxford University Press, from






???????????? CH4 ??? 3 ????????????????????
87.3-89.0, 88.7-91.1, 91.1-93.2 THz ?2910-2970, 2960-3040, 3040-3110 cm 1?????
???????? 38?10.6?40-46 %/W?????????????????????
??????? 10 %/W?????????? 2?????????????????
??? 1000 mW???????? 500 mW???????????????????









?????????? 1560 nm??????? 100 nm???????? frep? 97.1 MHz?





? 1000 nm????????? [60,61]?f -2f ????? 2.3.2????????????
????????second harmonic genaration? SHG??? PPLN????OBPF??
????1010 nm????????????????fceo????????1060 nm??
???????YAG?????????????????????Ref. [60]?????
?Ref. [63]???????Ref. [62]?????frep?fceo?1:5  m?1:06  n?? 1.3??
3???????? [62]????????????????? ROHDE&SCHWARZ?? SMB 100A?9
kHz-1.1 GHz??????????????Mini-Circuits R?? ZAD-3+?PID???????? Stanford
Research Systems?? SIM960????
46 ? 3? ???





Rb????????????????????? 1?? 3  10 11?1??? 3  10 12
??? [64]?
ECLD? YAG????????????????????????????????
? 3.3???? frep? fceo???????????m?????? m = mfrep + fceo?
? n???n = nfrep + fceo???????ECLD?????YAG?????????
21.4 MHz???????????????????????????? 3.3????2?
? 3.3: ????????????????????????????????????????








1:5 = mfrep + fceo + 21:4 MHz;
1:06 = nfrep + fceo   21:4 MHz
????
????????????m? n?????Bristol?? 621 Wavelength Meter???
??? 2???????????????? 4???????????????
midIR = 1:06   1:5
= (n m)frep   42:8 MHz
(3.1)
????
?????????????? frep ????????????? 2?? 2  10 11 ?
?? [66]???????????? 2??????????????? midIR = (n  





2 ????????????????????????? (88 376 181 600.52:0)
kHz [67]? ( 0:2 2:1) kHz???????????? (3.1)? fceo?????????
????????????????????fceo???????????frep? fceo??
????????????????? 10 kHz????? [61]????????????
?????????source  10 kHz????? [66]?
? 3.3????????????????? [35,63]?OPLL????? frep? 97 MHz
????????????? 97 MHz???????????????????????
???????frep??????????????????????????ECLD?
YAG??????????????frep? 1???? 0.005-0.02 Hz????????
??????????????? 5-20 kHz????????????????????
????????????????????????
4ECLD?YAG????????????? 1:91014 Hz? 2:81014 Hz??frep  0:97108 Hz?
?????????????? n  106 ???????????????? 300 THz??? 7???? [65]?
frep ?????????????????????????





?? 99.0 %????? 2 m? 2????????????????????? 23.6 cm?
?????????????????????????????? 47 cm???????
?????????????? e 2?????? 0.71 mm??????CEAC2????
? 99.6 %?????7 m????????????????? 38 cm????????









????? R1 = R2 = 0:99 R1 = R2 = 0:996
???? /cm 23.6 38
??????? /mm 0.71 1.9
FSR /MHz 636.16 400
???? 310 770
????? /m 48 190
????? 17 16
???????????????????????????????????????????















??? Td?????? S4??D2d???????????bc?? b = c?a = 0???
?????????? 1,2????????????






? C-H3?C-H4????????????????? C-H1? C-H2?????C-H3?
? 4.1: CH4 ????????????????4?????????????????????
???a?b?c??D2d?????????????????????????????????
???
52 ? 4? CH4??????????????
? 4.2: H??????? 3??????????(a)b??????(b)bc??????
? 4.3: ?????????????????(a)? 3???????????????????
???????????????????????????????(b)?????????? a
???????





????????????????????????????v3 = 0! 1???????
????????????? 0:1 Debye [50]????????????????????






1Debye?????1 Debye = 1=299792458 10 21 Cm?
4.1. ???????????????????? 53
? 4.4: C3v ????  ??????????? CH4????????????????????
?????????????????????????????????????????? ?
? ???C?????  ????????????????????????????????











??????????????? 1 Debye ???????? 1 V/cm????????
????????????????????? 500 kHz????? 3?????????
?? 2.1.3???????????????????? 100 kHz????????????
?????? 1 mm????????????????????? 2 mm?????? 1
Pa????????????????????????? 10 kV/cm??????CH4
????????????????????????????? 10 MHz????? 4?
23 ? 4 ???????????????????????? 2?????????
3???????????????????E=h = ?
4??????????????? 20mDebye ???????????  0:1???????? 4.4??
54 ? 4? CH4??????????????




??????????? 10 kHz?? 5?????????????????? 100 kHz
??????????????????????????????????
1969??Uehara??He-Ne?????????CH4?? 3??? 6? P (7)E?? 7
??????????????????????? 8 [21]??????Luntz?????
??????????????????????????????? 20.0(1) mDebye ?
???? [45]??????????????????????????He-Ne?????
????? 3??? P (7)F (2)2 ?? 9? 2???????????????? [40]?
??????????????????? 1971?? 1??????????????
? [44]?Ozier??????????????????? J = 2????????????
???????????????????????????????? 24.06(45) Debye
????? [44]?
??? 45?????????????CH4?????????? v3 = 1??????
????????????????????????????????????????
??????????????????????




5??????????????? 20Debye ???????????  1???????? 4.4????
6???????? v3 = 1???? (2.54)????????????????????????????
?????????????????????????????
7\P"?P ?????J =  1?? 2.2.3 ??? 2.3 ?????\7"?????????????????
J 00 = 7?\E"?????????????? Td ???????? A???????????
8?????????????????????????????





















[ (q3;q3; + q3;q3;)z +z(q3;q3; + q3;q3;) ];
(4.3)





[ (JJ + JJ)z +z(JJ + JJ) ];
(4.4)





[ (lJ + Jl + lJ + Jl)z
+z(lJ + Jl + lJ + Jl) ];
(4.5)
??????????P vib?P rot?PCor??????????????????????
?????????????????? 10?l ???????????????? 11l?
????l  (q3;p3;   p3;q3;)?????? 12???? (; ; ) = (a; b; c), (b; c; a),
(c; a; b)????
10? (4.5)?????? PCor ? Ref. [70]??????????
11????????? =2?????????????????
12q3;?p3; ?? 2.2.1???
56 ? 4? CH4??????????????
4.3 CH4????????????




?????? l???????CH4??? v3 = 1??? 3?????l? 3??????
??????????????????? J = l+R??R?????????????
???????????????
Hrot;sph;ex = hBv(J   l)2 = h

BvJ




HCor =  2hBvJ  l (4.7)
????? 3?? v3 = 1?????????????????????????????
?????????
ECor = +2hBv=1J R = J + 1 (4.8)
=  2hBv=1 R = J (4.9)
=  2hBv=1(J + 1) R = J   1 (4.10)
?????????R???????????????CH4??????2Bv=1  17 GHz
?????????????????R = J +1?????(2J +3)(2J +1)?(2J +1)2?
(2J   1)(2J + 1)???????????? JR??????????
v3 = 1????????????????? jv3lkli??jv3;a; v3;b; v3;ci = j100i?j010i?
j001i????
jv3 = 1; l = 1; kl = 1i =  j100i+ i j010ip
2
(4.11)
jv3 = 1; l = 1; kl = 0i = j001i (4.12)




???????? l? l??????????v3 = 1???? l = 1????kl ? l? c
?????????kl =  1?0?1??????????????? l = 0?R = J ??
?????????? v3 = 1????????????R = 0????????
4.3.2 ?????????????????????????
CH4??? v3 = 1???????????














+BJ2  Ds(J2)2 +Hs(J2)3 (4.15)
????? 1???????? 2???????3??????????? 13?????
????? jv3lkli jJkMi????????????????????????????















[Jc; Tj;k] =  kTj;k (4.18)
[J; Tj;k] =  
p
(j  k)(j  k + 1)Tj;k1 (4.19)
13??????????????????????? I ?????????? B ???????????
B ???? J2 ????????????????????????????2?????????????
?????????? B????
58 ? 4? CH4??????????????
????????????? k? j ?????k =  j;    ; j ????????????
??????
J = Ja  iJb (4.20)
l = la  ilb (4.21)
q = q3;a  iq3;b (4.22)
p = p3;a  ip3;b (4.23)
??????????? J ; l; q;p?????? (4.18, 4.19)?????????????
????
Jc jJkMi = k jJkMi (4.24)
J jJkMi =
p
(J  k)(J  k + 1) jJk  1Mi (4.25)
lc jv3 = 1; l = 1; kli = kl jv3 = 1; l = 1; kli (4.26)
l jv3 = 1; l = 1; kli =
p
2 jv3 = 1; l = 1; kl  1i (4.27)
q2 jv3 = 1; l = 1;1i =  2 jv3 = 1; l = 1;1i (4.28)
qqc jv3 = 1; l = 1; 0i =  1p
2
jv3 = 1; l = 1;1i (4.29)
qqc jv3 = 1; l = 1;1i =  1p
2
jv3 = 1; l = 1; 0i (4.30)
??????????????????? Td????????????????????
?????? A1???????????????D.1??D-1???????????




70T4;0 + 5(T4;4 + T4; 4)
p











= 220T220 + 224T224 D044T044 + F134T134 +G244T244 +G246T246 (4.32)
????????220?224?D044?F134?G244?G246????????????? (4.7)




???? v3 = 1??? J 0???????????????????????? 14???















+B00J2  D00s (J2)2  D00t T044 (4.33)
????Hgr?? T044??????????????????????T044?????
????????????????????????????????D.3????
? (4.31)???Hex?Hgr? jv3lkli jJkMi??????????????(k  kl) =
0; 4????????????????Hex???? J+l+? J2+l2+???(k kl) = 0?
???J2+l2 ???(k   kl) = 4?????????????????????????
??????????????????
???????????????????????????????? 4.5? Hex ?
Hgr???????????????????????????????????????
????????????????????????????????????????
??????????? 4.5(a)? J???????????????????? 4.5(b)?
JR????????????????????3???? v3 = 1???????????
??? 3??????????????R = J +1; J; J   1?????????????
?R = J ????? 4.5(c)??????????????? Td???????????
14????????????????? 2.2.3?????? 2???????
60 ? 4? CH4??????????????
? 4.5: CH4 ??????????????????????????? v3 = 1??????(a)
??????(b)?????????(c)???????????????(d)? P (2)E ??? 1
?????????????2 ????????? M = 1 ? (M 00 ! M 0) = (0 !  1) ?




?? FTIR????????????????????????????? [28, 30, 31]?
? 4.5? v3 = 1??? J 0R??????????????????? J 00 = R?????






av3lJR v3lklJkM jv3lkli jJkMi ; (4.34)
4.4. ????????????????? 61
????????? ????????????a??????????????????




??J = 0???????????????? (4.3-4.5)??????????
 vib EDC = iP
vibM
4J(J + 1)
f(q2+   q2 )Jc + Jc(q2+   q2 )
+2(q+qcJ  + J q+qc   q qcJ+   J+q qc)g (4.35)
 rot EDC = iP
rotM
4J(J + 1)
f(J2    J2+)Jc + Jc(J2    J2+)
+(J Jc + JcJ )J  + J (J Jc + JcJ )
 (J+Jc + JcJ+)J+   J+(J+Jc + JcJ+)g (4.36)
 Cor EDC = iP
CorM
4J(J + 1)
f(l+J  + J l+   l J+   J+l )Jc
+(lcJ  + J lc + l+Jc + Jcl+)J 
 (lcJ+ + J+lc + l Jc + Jcl )J+
+Jc(l+J  + J l+   l J+   J+l )
+J (lcJ  + J lc + l+Jc + Jcl+)
 J+(lcJ+ + J+lc + l Jc + Jcl )g (4.37)
?????q?J?l????? (4.20-4.23)????????? jv3lkli jJkMi???
??????(k   kl) = 2??????????????????(k   kl) = 0; 4
????????????????????????????????????????
?????A1 $ A2?E $ E?F1 $ F2??? [43]???????CH4????E??
????? 1??????????????????E???????????????
????????  = E????E?? 2??????????
62 ? 4? CH4??????????????
 E1?(k   kl) =    ;  8;  4; 0; 4; 8;   
 E2?(k   kl) =    ;  6;  2; 2; 6;   
?????????
E1?E2????????????????????????
hv3 = 0J 00E1M 00j
  rot  EDC jv3 = 0J 00E2M 00i = P rot00CrotJ 00 00EDCM 00; (4.38)




jv3 = 1J 0RE2M 0i = P vibCvibJ 0R EDCM
0; (4.39)




jv3 = 1J 0R2E2M 0i = P vibCvibJ 0R1J 0R2EDCM
0; (4.40)
hv3 = 1J 0RE1M 0j
  rot  EDC jv3 = 1J 0RE2M 0i = P rot0CrotJ 0R 0EDCM 0; (4.41)
hv3 = 1J 0RE1M 0j
  Cor  EDC jv3 = 1J 0RE2M 0i = PCorCCorJ 0R EDCM 0; (4.42)









????????????????????????????? (4.38, 4.39, 4.41, 4.42)
???M ??????????????? 2J + 1?????????????????
??????E1?E2?????????????????E??????
D2d?????????????????????????????????????
??????Dorney???? 4.4? C3v ???????J = 0??????????
??????????????????? [43]?1???????????M ????
??????????Ref. [43]?? P rot00 > 0???M 00???????? [43]?D2d?
?C3v???????E????????D2d????CH4??? v3 = 1??????
????????????????????? (4.39-4.42)??????????????








??????? v3 = 1???E????????????????????
 00 = SJ 00EDCM 00 = P rot00CrotJ 00 00EDCM 00=h; (4.43)













??????? SJ 00 ? SJ 0R ???????????????????????????
??????? (2.50)???????????????
? 4.5(d)? P (2)E??? 1???????????????????? SJ 00 ? SJ 0R ?
??????M 0?M 00??????????????????2???????????
????? E $ E????????R = 0???????????????????



























I / CG4JMM 0 (4.45)
???????Q???????? 2.2.3??? 2.3?? I /M5??????????
??????????????????? 2????????????????? [25]?
Icross / CG2J+1CG2J 1M 0 (4.46)
???????? CGJM ????? (2.64)????
4.4.2 ????????????????????
????????????????????????????????? 4.6?????
?????? jv3 = 0; JR = 22;  = Ei??? jv3 = 1; JR = 12;  = Ei????????
???????????????????????????????????????
??????????????M 0?M 00 ?????????????????2J 0 + 1?
2J 00 + 1???????????????jv3 = 1; JR = 12;  = Ei??????????
?? jv3 = 0; JR = 22;  = Ei???? 350? 15?????? 4.6??????????
?????????????????????????????????????????
? 4.6(a)????????????????? (A)????(B)???????????
??????????M = 1??M 0 = 1??????? P (2)E?????????
???????????????A? B?M 00 = 2????????????????
?????????? (4.45)???????????????














































































































































































66 ? 4? CH4??????????????
? 4.6(b)????????? (A)???? (B)?????????????????
???????? 4.6(b)??A,B?? 4.6(a)????????0??????????
???? P (2)E ????????????????????????????????
????????????????? (4.45)?(4.46)?????????????????







??????????????????????? 87.7-92.8 THz??? 3.1??? 3.2?
???????????????PPLN??????????????????????
?????????? 0.3-1 mW????
? 4.7(b)????????????????? 50 mm??? 400 mm???????
???2???????300  35  10 mm3????????????????????
3?????? (290 24) mm2?????????????????????????
????????????????????????????????????????
???????????????? 4.7(a)??A?B????????????????
?? 3??????????????? (2:0000 0:0001) mm????????????
???????????? 4 mm??????????? 2?????????????
????????????????????????????????????????
??????? 2?????????????????????? (2:0000 0:003) mm
????????? 0.15 %????????????????????????????











????HV supply?FLUKE 415B?????????? 3100 V??????????
????????? 0.25 %????????????????????????????
? 2 mm??????????????????? 0.07 %?????????????
?????????????????? r?p
(0:0015)2 + (0:0025)2  0:003  r 
p
(0:0025)2 + (0:0025)2  0:004 (4.47)
????????????????????????????????????????
??????????? 25-35 kHz?????????????????? 10????
?????????????????? 6200 V?????????? 600 V?????
????0.5-1.2 Pa?CH4??????????CH4?????????CH4 = 123(5)
kHz/Pa?16.3(6) kHz/mTorr? [71]? 16????? 62-150 kHz????????????
16???? 0.1-10 Pa ?????????????????????????????????????
68 ? 4? CH4??????????????
???????? 2??????????????? 4????????????????
?? 108 cm???????????????????????????????????
???????? 15-20 %????????????????????????? 1 %??







????????? 4-125 ms????? PC?????????? frep???????
?????????? 40 MHz???????????? 30????????????
????????????
????????? 10 kPa ??????????????????????????CH4 ????? 21
kHz/Pa [72]??Ref. [71]??? 5?????????????????????????????????
???????????????velocity changing collision?????????????????????
??? [73]???????????? Ref. [71]????????????????????Ref. [71]???





? 4.8? CH4??? 3???? FTIR???????? [19]???????????
????? 1??????????????????????????????? P (7)E
????? [21, 45]?CH4??? 3?????? P (9)E ?? R(7)E ??? 20????
? 1?????????????? 17????? J 0  8??? E??????????
???
? 4.8: ????   = E ???????????????????????????????
????? 3 ????????????????Ref. [19] p. 270, Fig. 7.57????????
?????P?Q?R????? 2.3???Figure credit lines: Republished with permission of
Oxford University Press, from [Spectra of atoms and molecules, P.F. Bernath (1995)], permission
conveyed through Copyright Clearance Center, Inc.
? 4.9???????????????????????????????????
????????????? [30, 31]???????MHz?????????? 4.9(a)
? (b)?????? 25.0 kV/cm????M = 1?? 0?????? P (6)E ???
M 0 =  5;  4;    ;  1?1;    ; 5? 10?????????????????? 4.9(c)
? (d)????M = 0?Q(6)E???????M = 1?R(6)E????????
????M 0??????????????????????????????????
????????????? 4.9? 4???????????????????????
17J 00 =0,1,3?? E ?????????????????
70 ? 4? CH4??????????????
? 4.9: ??????????? P?Q?R?????????????????? ??????
????????????????? ???????MHz?????????(a)? (b)???
?? 25.0 kV/cm????M = 1?? 0?????? P (6)E????????????(c)?








L0(AM 0M 00 ; M 0M 00 ;M 0M 00 ; )
=  AM 0M 00Sgn(   0)    M
0M 00
[ (   M 0M 00)2 +2M 0M 00 ]2
;
(4.48)
















?? AM 0M 00?M 0M 00?M 0M 00??? (@A0=@)??????????????????
????????????????????????????????????????
?????????????? 4.9(a)???????????????????????
??????????????M 0M 00 ??? 350-1150 kHz????????????
???????????????
4.6.2 ???????????????????
? 4.10?????????????? P (4)E?Q(4)E?R(4)E??????????
??????????????????????????SJ 00EDC > ????????




????? 4.10(a)? P (4)E????????????????
 jv3 = 0; J 00 = 4; jM 00j = 0i ! jv3 = 1; J 0R = 34; jM 0j = 1i?
 jv3 = 0; J 00 = 4; jM 00j = 2i ! jv3 = 1; J 0R = 34; jM 0j = 1i




0 = 900 : 144
??????????? 4.10(a)?????? 2???????????????? jM 00j !
jM 0j = 2 ! 1???????? jM 00j ! jM 0j = 0 ! 1???????????????
72 ? 4? CH4??????????????
? 4.10: ??????????? (a)P (4)E?(b)Q(4)E?(c)R(4)E ?????????????
??????????? 0????????????? jM 0j = 1??????????????
???M = 1????2???????????????????COR??????????




????????????? 4.10(e)??SJ 00 ? SJ 0R ????????????????
?????????????????????????????????????????
?????SJ 00 ? SJ 0R ????????????????P?R?????????Q?
???????????????M 0 ?M 00 ???? Dorney?Watson???????
???? [43]??????? 4.10(a)???????M 00 = 2 ! M 0 = 1???????
M 00 = 0!M 0 = 1???????
??????????????????????????????????
L0 (Across; cross;; )
+ L0  A0CG4J+1M 0; (cross + SJ 00EDC);; 
+ L0  A0CG4J 1M 0; (cross   SJ 00EDC);;  ;
(4.50)
4.6. ???? 73









4.6.3 ?????????? SJ 00?SJ 0R???
? 4.11(a)? P (7)E?Q(7)E?R(7)E ?????????????????????




=  5:567 [43]??????? (4.43)???????????? SJ 00 ?????
????????????????????????????????????????
?????????????????????????3-15?? SJ 00 ??????



















SJ 00;i   SJ 00
2
 2J 00;i








74 ? 4? CH4??????????????
? 4.11: (a) ????? jv3 = 0; J 00 = 7; E;M 00 = 1i ??????????????????
(b)P (6)E ??????????????? jv3 = 1; J 0R = 56; E;M 0 = 5i ??????????
??????????????????????????????????
? 4.1: ????????????????? SJ 00?









??????????????? J 00 ????????J 00 ?????????????????
J 00 = 8? E ???? 2?????????? (1)?(2)??????????
4.6. ???? 75
??????????????? v3 = 1????????????? SJ 0R ?
SJ 0RE M
0
M 0=J 0 =
M 0=J 0   M 0= J 0
2
  SJ 00E M 00

M 00=J 00 ; (4.53)
?????????? 1??????????? 2?????????????SJ 00???
4.1???????????M 0?? (4.48)?? M 0M 00?????????P?R?????
???M = 1?Q?????M = 0??????????????M 0=J 0?M 0= J 0
??????????????????????????????????? kHz???
???????M = 0?Q????? M 0=J 0 ??M = 1?R????? M 0=J 0
????????????????????P?????M 00 = (J 0+1)!M 0 = (J 0)
?M 00 = (J 0   1) ! M 0 = (J 0)? 2?????????????????????
????????????????????????????????????????
?????????SJ 0R ????? M 0=J 0 ?????????????? 4.8.3???
???
? 4.11(b)??? (4.53)????????? jv3 = 1; J 0R = 56; E;M 0 = 5i??? 1??
????????????????????????????????????????
??????????? P??????????????P????????????




















????????v3 = 1????????????? SJ 0R ??????? dJ 0R ????
??????SJ 0R;i? i??????????????????????????J 0R;i?
????????????? M 0=J 0 ?????????? 4.2???????????
76 ? 4? CH4??????????????





























? 4.2: v3 = 1????????????? SJ0R?





























??????????????? J 0R ????????J 0R ?????????????????
78 ? 4? CH4??????????????
4.7 ??
???????????????????????????? SJ 00?? 4.1?? SJ 0R??
4.2??? 4?????????????? P rot00?P vib?P rot0?PCor??????
4.7.1 P rot
00???
?????????????????????????? P rot00?? (4.43)?????
????????????? CrotJ 00
00?Dorney? [43]???????????? 4.1??
SJ 00 ? J 00 ???????? (4.43)?????????????
 P rot00 = 24:47(12) Debye
???????????????????????0.38 %??????????????
??????????????????????? 1?????J 00 = 2?E $ F2???
????????????????????????????????????????




?????????????? P rot00?????? 1/3?????????? P rot00??
???????????????2664 1X
J 00














? 25 kHz???????? (EDC)i? i?????????????SJ 00;i (EDC)i?? (4.50)
????????????????????????????????????????
????????????????????
4.7.2 P vib?P rot0?PCor???
? (4.44)?????v3 = 1??????????????????????????























? [76, 77]?FTIR [26]???????????????????????? [31, 78]??
???????????????Ozier????????? 8????????????
???????????????????? [79]???????????? J 00 9??
???????????????????? 10 kHz????????????????
???????????????????? [30, 31]????????????????
???????????Ref. [30, 31]???????????? 2 kHz????????





????????J 0 = 1? 2????? E ????????? 1??????????
??????????????? 4.3?? J 0 = 1? 2??????????? (4.15)?
???????H0? (k   kl)??????????????????????????
??????????????????? (4.16)?????????????????
????? 4.12? jv3 = 1; J 0R = 54; E1;2i???????? k; kl??????E1???
(k   kl) =  4; 0; 4??E2??? (k   kl) =  6;  2; 2; 6????????????
????????????????????? (4.39)?????? Cvib54 ???????
????????? 4.12????kl = 2??????? (4.39)? Jc???????




0? CCorJ 0R ???????????C3v????
??????????? 4.4??????
80 ? 4? CH4??????????????
? 4.3: ?????????????????????????
/MHz J 0 = 3 J 0 = 4 J 0 = 5
 2B  17196.05(4)  17175.85(12)  17147.1(4)
224  96.760(17)  95.01(3)  92.98(7)
220  238.816(9)  234.4(2)  229.52(5)
 D044  0.1168(9)  0.1215(9)  0.1259(12)
F134 0.043(6) 0.088(6) 0.130(9)
G244  0.1517(17)  0.1424(17)  0.133(3)
G246  0.0561(5)  0.0557(8)  0.0541(18)
(data number) 0.128(9) 0.831(11) 3.24(14)
/MHz J 0 = 6 J 0 = 7 J 0 = 8
 2B  17109.6(10)  17061.5(16)  17007(2)
224  90.63(13)  88.27(16)  85.58(19)
220  224.38(8)  219.10(12)  213.86(17)
 D044  0.1309(15)  0.1342(14)  0.1383(12)
F134 0.183(12) 0.217(11) 0.257(10)
G244  0.120(3)  0.111(3)  0.098(3)
G246  0.058(3)  0.059(2)  0.061(3)






































































82 ? 4? CH4??????????????
? 4.4????????? 5??CvibJ 0R?C
rot
J 0R
0? CCorJ 0R ??????5??????? SJ 0R
??????????? 4.2?? SJ 0R ? J 0R ??????????????? 4.4???
? (4.44)??????????????????
 P vib =  16:82(7) mDebye
 P rot0 = 18:6(4) Debye
 PCor = 10:4(17) Debye
???????????????????????????26664 1X
J 0R
























????P (8)E(1)?Q(8)E(1)??? SJ 0R;i??? SJ 0R;cal????????????? 4.1
?? J 00 = 8; E(1)????????? J 00=SJ 00???????????????????
?????????????????????????????????????????
????????????????? (4.57)???????????????????36
kHz? P (8)E(1)? Q(8)E(1)???????????????????????????
? 4.2?? P (8)E(1)?Q(8)E(1)?????????????????? 22 kHz???
????
4.7. ?? 83
















12  0.86603  0.86603 0  1.7321
34 0.19701 0.18558  1.8870 1.8080
45  0.12992  0.10392 1.8922  1.5214
56  0.019857  0.026243 1.1052  0.37782
67 0.095916 0.081572  4.3004 1.8068
7
(1)
8 0.0089684 0.010779  1.1836 0.25544
7
(2)
8  0.073290  0.057171 4.4172  1.5968
89  0.016078  0.019811 2.2335  0.48182
22 0.28868 0.28868 0  1.7321
44  0.12989  0.15588  1.8922 1.0018
55 0.082401 0.10392 2.4998  0.55055
66 0.024671 0.029457 0.75401  0.30373
77  0.075855  0.099416  4.6964 0.62358
8
(1)
8  0.0076359  0.013972  0.42071 0.13149
8
(2)
8 0.053249 0.074111 4.4254  0.42023
32  0.052672  0.041239 1.8870 0.79006
54 0.052926 0.037790  3.6050  1.1501
65  0.038108  0.028550 3.5464 0.97132
76  0.014471  0.0088370 1.4628 0.40850

























0?CCorJ 0R ?????????? 4.5??????? jv3 = 1; J
0
R = 54; Ei???
???????????????????????????????ECor1;2 ?? jk klj = 6
?????????? jv3 = 1; J 0R = 55; Ei?jv3 = 1; J 0R = 56; Ei???????????
??????????????????






??????CvibJ 0R ?????????????? 10 %???????????????
? 2??????????????????????????????????????
??????????????? J 0R = 88 E(1)???C
vib;Cor
J 0R
?CvibJ 0R ??? 83 %????
??? 88E(1)?88E(2)?89E?87E???????????????????Ref. [75]?




























































































































































































































































































































































86 ? 4? CH4??????????????
????Ref. [43]????????????????CrotJ 00
00??J 00 9???????
??????????????????????????????J 00  7? J 00 = 9?



























? 4.6: ???????????????????3???Hhigh ? 3????????????
????????????????? kHz????
Hhigh P vib (P vib, P rot
0






(224, 220) | | 91
(224, 220, D044, F134) | | 71
Eq. (4.32) 220 52 36
1???Hhigh??????????1???????????????????????????
4.8. ?? 87
????3???????P vib?P rot0?PCor ???????????????????
????????????????? 4.6?????????????????? (4.57)?
???????Hhigh???? (224, 220)?(224, 220, D044, F134)?(224, 220, D044,









???? 36 kHz???????????? 3???????????????????
??????? v3 = 1??? 3??????????????? Cvib;CorJ 0R ??????





?????????? 4.9(b)?P (6)E??? 2???????????????????
4.13?M 0????????????
2nd =
M 0 +  M 0
2
  0; (4.60)
??????????? M 0 ?? (4.53)?????????0 = 88699:0712920 GHz?
?????????????P (6)E??????????? [30]????????? 1?
??????????????????????? jM 0j???2nd??????P (6)E










?????????? Cvib56;5R ?? (4.40) ?????????? jCvib56;54 j = 0:09384 ?
jCvib56;55 j = 0:1626???????E5R ? J 0R = 5R??????????E56  E54 = 197:4
88 ? 4? CH4??????????????
GHz?E56  E55 = 110:8 GHz??????????? (4.14)????????????
??????????????? 4.13?????? 4.7.2??????? P vib?? (4.61)
???????????? (36 kHz)jM 0j???????????? 4.13?????? 1
???????????????????? J 0????????E????? 2????
????????????????????????????? 4.6.3??? 1????
???????? SJ 0R ??????????????????????????????
?????????? jJ 0    J 0 j?????









?????????????????4????????????? v3 = 1???M = 1









? 5.1: P?Q?R?????????????????????? 4.6.2??? 4.10??????
??????????? (a)P (4)E?(b)Q(4)E?(c)R(4)E ?????????
? 5.1?? 4.6.2??? 4.10?????P (4)E?Q(4)E?R(4)E??????????
??????????????M = 1??jM 0j = 1???????????????
???????????????Q?R??????????????????????
???????????????Magerl?????????????
? 5.2(a)?????????? R(2)E ???????????????2?????
???M 00 = 0?2????M 0 = 1?????????????? ? 3???????
???2????????M 00 = 1????M 0 = 0?2???????????V? 3?
??????1????????????V? 3????? 3???????????
????????????????????? 5.1??????????? ?? V?
3?????????????????? [82]???????????  ????? ?
90 ? 5? ????????????
? 5.2:  ?? V ?? 3 ?????????????(a) ???????????????
jv003 = 0; J 00 = 2; E;M 00i??? jv03 = 1; J 0R = 32; E;M 0i??????????????????
???M 0 = 1?M 00 = 1??????? ?? V?? 3?????????????????




? 5.2(b-1)? ? 3???????3???M 0 ????M 00 ??????????
?? 0 ?  00 ?????????????????????????(xM 0M 00)2=(2) ?
???????????? (2.20)???xM 0M 00 ?M 00 ! M 0 ?????????? ?
???????????????????????????????????????
???????2??????????  = 10000 ? 10200 ?????????????
 = (10000 + 10200)=2??????? j10i? jM 00i?????????E10 ?EM 00 ???
























????????N000?N200?N10 ?M 00 = 0?2???M 0 = 1????????????
?????????v3 = 1???M 0 = 1?????????????????????
v3 = 1??????????(90 THz)h???????????????(6 THz)h???
??????????????????????M 00 = 0? 2????????????
????????N eq???????????????M 00 = 0? 2?????????
?????? 1 MHz??????????????????????????????
?????????????M 00 = 0????? 2????




?????????????CGJM ?????????????? 2.3?????? 3
???????????????????Eopt???????????????????
????????????????????????? [83]?????? j10i $ j000i?







































?????????????N eq?????????????a =  0= 00????S10M 00 =
(x10M 00)
2=2 00?????????????? (2.32)? S = jxj2(  11 +   12 )=2 ???
???????????????






(2S10000 ;0)   N10000N eq
(S10000 ;0) ; (5.7)





(0;2S10200 )   N10200N eq
(0;S10200 ) ; (5.8)









































????????????S10j00  1?Si0100  1??S10j00  a?Si0100  a????
??????????
















?????????????????? 1??? 2??????? ?? V?? 3??
????????????????????????????????????????
DV?D;1=e??????M 0??????????????????? 1/e?????
???????????????? 15 MHz? 164-172 MHz?????????????
???????????????????????? 1 MHz?????????? 3?
??????????????????????V?? 3?????????????





? 5.1(a-c)? jM 0j = 1??????? P (4)E?Q(4)E?R(4)E??????????
????????P (4)E?????????????????????????????
???????????????????Q(4)E ? R(4)E ?????????????
????????????????????????????????????????
?????????????????????????? 5.1? jM 0j = 1? jM 00j = 1?
?????????????????????????????????? J 00 = 1?3?







L0(A; i;; ) = A    ih




L0(AL ; cross  D00S;; ) + L0(Across; cross;; ) + L0(AL+; cross +D00S;; ) (5.13)
???????????????????????????????D00S ???????
??????M 00???????????L+ ?L ????????? 2???????
? 5.1: jM 0j = 1? jM 00j = 1??????????????????????
J 00 P branch Q branch R branch
2 Q(2)E R(2)E
4 P (4)E Q(4)E R(4)E
5 P (5)E Q(5)E R(5)E
6 Q(6)E
7 P (7)E Q(7)E R(7)E





??? 250-533 kHz? 20-96????
? 5.2??? 3???????????????????????? 4?? 2???
(5.11)???????V? 3???????????????????????????





































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































???? 5.2? 2???????? 5.3(a)?????????????????????
????????????????Q(7)E?Q(6)E?P (7)E?????????????
?????????????????Q(2)E?R(7)E???????????????






5.3(b)?? a = 2=5? a = 5=2???????????????????P?????R
????????????????????????????????????????
??a 6= 1????????????Q????????????????? (5.11)???
?? 2???????????S10000S10200 ?S00100S20100 ??????????????
?? a?????????????????????? Q?????????????
??????????????? (5.11)????????????? a????????




???????????????????  00? ??V? 3????????????
?????????????????? 5.3(a)???????????????????
??????????????? 3???????????????????????




















98 ? 5? ????????????
? 5.3: ????????????????????????????????????(a)???
????????????????????????????????????????????
???????? J 00 ?????????????????? ??????????????
??????????????????????????? P?Q?R????????????
(b)(a)??????????????????????????????? (5.11)?????? a









???????? a = 1?? (5.11)????P?Q?????????????????
?????????????????????????????? ?? V?? 2??
3???????????????????????????????????????
????????????????????? 3??????????????????
P (5)E?Q(5)E?R(5)E ?????????????????????? 70 %?50 %?






??? (5.14)????????????????????? (5.11)?a = 1??????????
???????????????? P?Q?R????????????
100 ? 5? ????????????
ILL;V??????????????????????????????????????




??? 3???? 12???????????????????????V?? 3??
????????????????????????Q?R?????????????
????????????????????????????????????????













? (3 4  6) = 6??????????????????? 2.2.1??? 2.5?????
? 6.2?????? (a)? NH3(b)? PH3(c)? 2????????????????
???????????? vinv ?? 6.2(a)??????????? 6.2(b)? (c)???
? N-H???? P-H???????????????NH3? PH3?????????
????????????????????????????????????????





? 6.1: (a)NH3 ? (b)PH3 ???????.
102 ? 6? PH3??????????
? 6.2: (a)??????(b)NH3?Ref. [46] p. 497, Fig. 15-3???????(c)PH3 ?????
???????????????????????????????????????????
??????????????????(b)? (c)??????????? N-H???? P-H?
?????????2???????????????????????(d)?? (a)? (b)??
????????????????????\sym."? \anti."??????????????(b)
is republished from [P.R. Bunker and P. Jensen, Molecular symmetry and spectroscopy 2nd ed.
(1998), NRC monograph publishing program, c Canadian Science Publishing.
????????????????????????????????????? 6.2(b)
?NH3???? vinv = 0; 1???????? (24 GHz)h?????????vinv = 1?
vinv = 2???????? (28 THz)h??vinv = 0?1??????????? 1000??
???
??????????????vinv = 0???????? 	0(t; r) = 0(r)e i(E0=~)t?
vinv = 1?	1(t; r) = 1(r)e i(E1=~)t????? 6.2(d)???? t = 0????????
??? 1(r) + 0(r)?N??????????1(r)  0(r)????????????
???????? Dv2=1 = (E1   E0)=h?????????????????????
?????????????????E1 ? E0 ??????????????????
????????????????????????????????????????
?????????????????? [46, 85]??????????????????
??????????????????????? [84]?????? vinv = 2v2?2v2 + 1
6.1. PH3??????? 103
?v2 = 0; 1;   ???????????????????????? v2????????
?? v2??????? 2??????????????? sym.??? anti.??????
???
???PH3???NH3?????????????????????????????
??? 6.3?PH3? (a)???????????? (b)????????????1978??
Spirko?????????????????????????? 401 THz?13360 cm 1?
??????????????????????????????????? 6.3(b)?
?? 390 THz?13000 cm 1????? 1?????????????????????
???1992??Schwerdtfeger??????????????????????????
?????????????????????? 368 THz?12271 cm 1???????
?????????????????? 2016??Silva??????????????
???single, double, and the perturbatively connected triple excitation coupled cluster
method with an augmented correlation consistent polarized valence quadruple-zeta basis
set with tight d functions?CCSD(T)/aug-cc-pV(Q+d)Z???? 341 THz?11353 cm 1?
???????????????????????????????? 334 THz?11130
cm 1????????????????????TROVE??????????????
??????????v2 = 3???????????? 300 kHz????????? [47]?
? 6.3(b)????????????? v2????????????????????
????????????????????????????????????????
? 6.3: PH3??? (a)???????????? (b)??????????? Spirko? [86]??
? Schwerdtfeger? [87]??? Silva? [47]?????????(a)??????????????
?????????????(b)????????? v2???????????????????
??? Dv2 ??????????????












? 6.1???C3v?D3h??????????? [85]?C3v???????D3h?? 2
?????????????????NH3? PH3?????? 3?? I = 1=2????
????????????????????????????????????????
??? A01; A001 ???????? 6.1? 3?????????????????????
????????D3h??????????????????????????????
?????????????
? 6.1: ?? C3v ?D3h ????????????? [85]?










1) 8 + 0




2?? D3h ??????? A????
6.3. PH3???????????? 105
6.3 PH3????????????
? 6.4?????????? v2 = 0??? 3??? PH3 ?????????????
???????? J  2?K = jkj  2?????????????\sym."? \anti."
????????????????????????????????????K = 3n
?n = 1; 2;   ????? (A02 +A001)? (A01 + A002)? 4???????????????
??????A01? A001 ?????? 0??????A02? A002 ????????????
????? 2.2.2?????A1-A2??????D3h??A02-A002???????????
6.4? A02-A002 ?????????????????????v2 = 3??????? D3??
300 kHz???????? [47]??????????????? D0? 1 Hz?? [47]?
????????????
? 6.4: v2 = 0??? v2 = 3??? PH3 ??????????\sym."? \anti."???????
?????????????????????????????hD3? v2 = 3??? anti? sym
????????????????????????????????????????????
????????
106 ? 6? PH3??????????
2??????D3h??A002??????? c??????????????????
??????????????????? sym. $ anti.?J = J 0 J 00 = 0; 1?k = 0?
E0 $ E00?A02 $ A002 ??????????????? E00 ! E0??? E0 ! E00???
????????????????????A02 ! A002 ??? A002 ! A02??? A02-A002 ?
?????????????????????????
PH3 ??? P??? H???????????????????? 1.1??? 1.1?
? Ei-J?????????????????????????????????????
J ??????Cazzoli????????? R?????? 2.2.3??? 2.3??????
??????????????????????????????????? 100 kHz
??????????? [88]?????????? J ???????????????
F = J ????????????? F ?????? F = J + I ??????I ??
?????????????32???? P?J =  1?? R?????J = 1???
????????????????????????????????????Q???
??F = J = 0???????????????????????????????
??????????????40 kHz??????????????????????




????????????? 70 mW????????PPLN???????? 87.5-89.3
THz?2910-2970 cm 1?????? 6.6? PPLN???????????? PH3???




3???????????? (2.21)?????????????cm2/molecule  cm 1 = cm/molecule??







? 6.6: PH3?????????????????????????? THz??????????
?? cm/molcule?????????????????????????? HITRAN2016???
??? [28]?? 32?????????? ??? HITRAN2012?????? [89]?? 42   2
?????????????
108 ? 6? PH3??????????
???? 99.5 %?????????????PH3???????? 27 kHz??????









? 10 kHz??? [35]?
????????????????????????????ECLD????????











???? /Pa 0.4 ?? 0.7 3.6
??????? /mW 15 70
???? /kHz 50 150
???? /% { < 5
???? /min 150 15
6.5. ???? 109
6.5 ????
? 6.7????? 32????Q(1; 1)E??Q(6; 6)A2?? 4???????????
???????D3h???????????????????????????A2???
???????? E???? 2????????A2????????????????
?A02?A002 ??????????????A02 ! A002 ???A002 ! A02??????? 6.7
?????????????????????Q(5; 5)E???????????
???? 32????Q(2; 2)E??Q(6; 6)A2??????????????????
?????????????Q(1; 1)E???????????????????????
????????????
? 6.7: ????? Q(1; 1)E ?? Q(6; 6)A2 ?????????????????
6.5.1 ???????
????????????PH3??? 32????Q(5; 5)E????????????




????Q(3; 3)A2-low?Q(3; 3)A2-high??A02 ! A002 ???? A002 ! A02??????
????????????????????????32????Q(3; 3)A2?????
??????????????????????????????????J 00 > 12??
???K = 3? A02 ! A002 ? A002 ! A02??????????????????????
4\Q"?J = 0?\(1; 1)"?(J 00 = 1;K00 = 1)?





? [28]??????Q(3; 3)A2-low?Q(3; 3)A2-high?Q(5; 5)E????????????
185(7)?126(11)?162(9) kHz??????????????????????????










? 6.3??????????? 0 ???????????????????????
???? 3?????????????????????? 5????????????
????????????????????????????????????????
???????????????????? H?HITRAN 2016?????? [28]??
? 6.9: ????????????????? (a-1)???????? (a-2)??????????
?????????(a-1)??????????????????
112 ? 6? PH3??????????
???H = HITRAN   0???????jHj????Q(4; 4)E??? H = 17:94 MHz
?????1?? 6 MHz?????????????????? 6?? 16 kHz????
?????????????????????????????? 3???? [91]???
Q(6; 6)A2?A02-A002 ????????????
? 6.3: ?????????????? HITRAN2016????
?? 0 /MHz H /MHz
Q(3; 3)A2-low 88 143 886.824( 6) 1.54
Q(3; 3)A2-high 88 143 894.114(11)  5.75
Q(2; 2)E 88 145 623.984(16) 4.29
Q(4; 4)E 88 146 363.858( 7)  17.94
Q(5; 5)E 88 152 955.711(11)  2.67
















??????   + ???????????????
L(i;; ) = =




(x  xi)2 + 1x (6.2)
???????x = =?xi = i=??????????????x1 =  a=2?x2 = a=2
???????????? 2????????? LL(a;x)?
LL(a;x) = L( a=2;x) + L(a=2;x) (6.3)
??????????????? LL0(a;x)??
LL0(a;x) = L0( a=2;x) + L0(a=2;x) = 2(x+ a=2)=
(x+ a=2)2 + 1
+
2(x  a=2)=
(x  a=2)2 + 1 (6.4)
????? 6.10(a-1)? a = (x2   x1)= = 2?(b-1)? a = 1???? LL0??????
??? x????(a-1, b-1)????????????? L0 ???????a  1??
? 6.10(a-1, b-1)???????? 1?????????? 1?????????????
???? 6.10(a-2, b-2)?? (a-1, b-1)???? 1?????????? 1??????
????????????????????????????? 6.8(c-2)???????
??root mean square?RMS????????????????????a  1???
????????????????????????????????????????
6.8(c-2)???? 6.9(a-2)??????? 6.10(a-2, b-2)? a  1???????????
????? 6.10(b-2)??????????????????????????????
???????PH3??? 32????????????? 160 kHz????????
?????????????? Silva???????????????????
114 ? 6? PH3??????????
? 6.10: ???? 2????????????(a-1)?(b-1)? 2???????????????





?????????? 6.4????????????????nt??????v2 = 3! 2
?????????????v2 = 3 ! 2???????????? 0:13 Debye ? [92]?
nt  1 Hz????? source???????Ref. [38]??? 20 kHz????????
??transit??????????????????????????????????
????27 kHz????????p ??????32 ?????????? 2 ???












nt [47] /Hz 1 1
source [38] /kHz 20 20
transit /kHz 27 27
p [93] /kHz 20 100
mod /kHz 50 150
satu [92] /kHz 210 460
Calculation /kHz 220 500




? 6.11?Q(3; 3)?????????????????????????????? 6.4
???????? A002 ! A02???Q(3; 3)A2-low?A02 ! A002 ???Q(3; 3)A2-high??
????????????????DA0?DA3???????? v2 = 3???A02-A002?
?????32??? Q????? A02??? A002 ?????????????????
v2 = 3?????? [94]?????????Q(3; 3)A2-low?Q(3; 3)A2-high?????
?????DA0 = 62:25 kHz [95]????DA3??????
? 6.5? DA3????????????DA3??????jJkMi?????????











116 ? 6? PH3??????????
? 6.11: Q(3; 3)???A02-A002????????????A002 ! A02???Q(3; 3)A2-low?A02 ! A002
??? Q(3; 3)A2-high??????????????????
????????????????????????Ref. [94]?? (8)
E(J; k)=h = (C  B)k2  DJkk2J(J + 1) Dkk4
+HJkk
2J2(J + 1)2 +HkJk







xxxz + J(J + 1) (6.7)
???? [94]?????????????????? Ref. [94]???????????
????????????????Ref. [94]?? 32???? xxxz??????? 12.4
%?????????????????????????????
? 6.5: v2 = 3??? A02-A002 ??????MHz????Obs.????, Cal.????????
?? Obs. Cal. Obs.   Cal.




??? 32 ????????????????????????Q(5; 5)E ??????
? 162(9) kHz?????????????????????????????Q(3; 3)A2
? 2????????? 126(11) kHz? 185(7) kHz??????Q(5; 5)E??????
Q(3; 3)A2?????????????????v2 = 3???????????? 160 kHz
??????Ref. [47]???????300 kHz???????????????Q???







????????? [30, 31, 35, 38]???????YAG????? ECLD??????











v3 = 1?????????? v3 = 1???????????????????????
Okubo? [30]?Abe [31]?????? CH4?? 3????????????????











???PCor????????????? Cvib;CorJR ???????? P
vib???????
????????????????????????????????????????
???? P rot00??????????? 1/3??????4?????????????
v3 = 1??????????????????25 kHz? 36 kHz???????????
???????????????????? [21, 44, 45]?? 45??????????
????????????????????????????????????????
? CH4????????????????????? 90 THz?????????? 10










?????Shoko Okuda and Hiroyuki Sasada, \Stark eect in the 3 band of methane,?













?????????????? v3 = 1???????????????????V??
? 3??????????????????????????????????????
?????????????????????????P?Q?R???????????





?????Shoko Okuda and Hiroyuki Sasada, \Intensity of a crossover signal relative
to Lamb dips observed in Stark spectroscopy of methane,?Journal of Molecular Spec-







??? [37, 61]?????Q(5; 5)E ??????? 160 kHz????????????
???????????????v2 = 3???????????? 160 kHz??????









?????Shoko Okuda and Hiroyuki Sasada, \Search for inversion splitting in the 32

























































?????????????????CH4??? v3 = 1?????????????
????????????????????????????????? 3??????
?????
v3 = 2????????????????? 1.5 m?????????????YAG
????? 2?? 1.5 m???????? 2???????????????????
????????-??? 2?????????????? CH4???????????









PH3??? 42   2??????????? PH3? v2 = 1???? v2 = 4????
???42   2?????????????????????????????????
????????????????????? [47,86]???v2 = 4?????????
??? v2 = 3????? 1?????????? 42   2?????????????
??????????????????????????????? v2 = 1?????
????? (30 THz)h?????????? (6 THz)h???????????????
???? v2 = 1???????????????? 1/100?????????????
??????42   2????????? 1/100??????????????????
7.2. ????? 125
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 CEAC?Cavity Enhanced Absorption Cell?????????
 ceo?Carrier Envelope Oset????????????????
 DFG?Dierence Frequency Generation??????
 ECLD?External Cavity Laser Diode??????????????
 EOM?Electro-Optic Modulator????????
 FA?Fiber Amplier?????????
 FTIR?Fourier Transform InfraRed spectroscopy???????????
 GPS?Global Positioning System??????????
 GRF?Gaussian Reduction Factor?????????????????
 HNLF?Highy NonLinear Fiber??????????
 HWHM?Half Width at Half Maximum?????
 OBPF?Optical Bandpass Filter????????????
 OFC?Optical Frequency Comb???????
 OPLL?Optical Phase Locked Loop???????
 OPO?Optical Parametric Oscillator???????????
 PPLN?Periodically Poled Lithium Niobate???????????????
154 ? ? F ??????
 rep?REPetition?????
 RMS?Root Mean Square????????
 SHG?Second Harmonic Genaration?????
 TAI?Temps Atomique International??????
